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Advantages of Neutrons and X-Rays

Penetrating/ Non Destructive N (X)

Right wavelength/energy N, X

Magnetic probe N, X

Contrast matching N

Weakly interacting-Born approxn. N, X
Global Statistical information N, X

Buried Interfaces—depth dependence N, X

Impervious to sample environmental
conditions, magnetic fields, etc.



Interaction Mechanisms

* Neutrons interact with atomic nuclei via very short range (~fm) forces.
 Neutrons also interact with unpaired electrons via a magnetic dipole
interaction.



What the particle sees....

P(1) V() m,,, J

X-ray electron neutron




Thermal Neutrons (continuous)

Advantages <
1) Ay~ Interatomic Spacing Spallation Neutrons (pulsed)

*Higher Brilliance

2) Penetrates Eulk Matter (neutral particle) *Use all neutron via time of flight separation

3) Strong Contrasts Possible (e.e. H'D)
4) E, ~ Elementary Excitations {phonons, magnons, etc.)

5) Scattered Strongly by Magnetic Moments

Disadvantages A~

1) Low Brilliance of Neutron Sources-Low Resolution or Intensities; Large Samples; Low Coherence;
Surfaces Difficult

2) Some Elements Strongly Absorb (e.g. Cd, Gd, B)
3) Kinematic Restriction on () for Large E Transfers

4) Restricted to Excitations < 100 meV
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Intrinsic Cross Section: Neutrons
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Contrast & Contrast Matching
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Both tubes contain borosilicate beads +
pyrex fibers + solvent. (A) solvent
refractive index matched to pyrex:. (B)
solvent index different from both beads
and fibers — scattering from fibers
dominates



Synchrotron X-rays

Advantages \'.'/‘
1) Ay - Interatomic Spacing
2) High Brilliance of X-ray Sources - High Resolution; Small Samples; High Degree of Coherence
3) No Kinematic Restrictions (E,(Q uncoupled)
4) No Restriction on Energy Transfer that Can Be Studied
Disadvantages 22
1) Strong Absorption for Lower Energy Photons
2) Little Contrast for Hydrocarbons or Similar Elements

3) Weak Scattering from Light Elements

4) Radiation Damage to Samples
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Intrinsic Cross
Section: X-Rays
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Adding up phases at the detector of the
wavelets scattered from all the scattering
centers 1n the sample:

Wave vector transfer 1s defined as

q= k;-Kk



eutrons

Sum of scattered waves on plane 11:
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In most cases, we must do a thermodynamic or ensemble

average (forincoherent beam)

X-rays

do = ry?[1 + Cos?(26)] S(q)
dQ) 2

S(q) = (Zij eXp[—iq.(ri—rj)]) Intensity of

Structure Factor

{r;} == electron positions.



2. exp[-19.r;] = p,(q) Fourier Transform of electron density

And, for x-rays, S(q) = { pa(q) pe (q))

If electrons are bound to atoms centered on EI-
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atomic form factor



s@=(ox @) [x7) for x-rays

| I (
P (@)= are™ py (7) ¥ /\/\«‘—

= S(g)= J] dr dp' e~ (F=F) (pw (r)py (7)) o ‘E.- e

If {py (7)o (7)) = Fn. of (r—r') only, Liguids and Glasses

Slg)= l«"Jdr’ 'e_'-"i'ﬁ{ph. (#)py (7 - E)- 1l--Ins 2(R) and hence S(g)
S(y) are isotropic.

= J..[HTE E_M'Rgr}

o g{R) = Pair-distribution function

Y

z4(R) = Reverse ET. of [S(g)— 1]

- Vlpw (P)py (- R) Sin 4R)

m [S(gq)—1]

= 41Im dy qr?‘
=» Probability that given a particle at 7, there is 0
distance R from it (per unit volume)

glR)=8(R)+ e, (R)  S(g)-1= Idﬁe_*"""?gd (R)

Ed (E)R—pm - V{p::'z



For Periodic Arrays of Nuclei, Coherent Scattering Is Reinforced Only in

Specific Directions Corresponding to the Bragg Condition:
A =2d,,sin(8) or 2k sin(8) = G,




Define 3 other vectors:

I;| = 21'(({«—12 > 53 )‘.'"\»’0

b =2n(ay xa )/vg v =ay - (@ xds)
= unit cell vol.
by = 211'((71 X )vg

These have the property that @; -h; =2nd;

So if we choose any vector G on the lattice defined by
by by

then for any G, R,

L3

Reciprocal Lattice G- Ry = 2nxinteger — Implies G is normal to sets
. : of planes of atoms spaced
Lattice Vectors Ry =mdy +mydy + mydy G o P

2r/G apart.

dy.dy.dy — primitive translation vectors of unit cell.  --«g -OR 5 d B
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(Introduce e W = “Eorm factor™ for thermal smearing of

~{(ga))
atoms = ¢ {'q " | = Debye-Waller factor)

Simularly,

[d{j] =2’3r§'[I+CD;{ZB}]_K'E(-:;)L‘_:H'
Y= rays |
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Bragg Reflections: k'—k =G
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— l = MSIHB Bl’agg‘ﬁ Law
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Measurement of Structure Factors — Structure
BUT what is measured is |Fi; |2 NOT Fg;!
— “Phase Problem™ — Special Methods

* can be written Zu e G-(R~Ry)
KK*

so that its F. T, yields information about pairs of atoms

Note that |Fy;

separated by Ry — R+ = Patterson Function,



H ard X _ray N a no p ro b e Area detector Area detector

diffracted beam transmitted beam

High-Brilliance Cryogenically  Horizontally Beam
synchrotron cooled crystal focusing defining
X-ray source monochromator mirrar aperture

Hard X-ray Energy
zone plate dispersive
dotootor

+ Unique, versatile instrument to study individual
nanostructures (30 nm spatial resolution)

i +» Quantitative atomic-scale structure, strain, orienta
imaging




f==\ Spatial and Spectral Filtering
%y 1o Produce Coherent Radiation

I

Univ. California, Barkaley



Spectral Bandwidth and

. ] (Temporal coherence)
Longitudinal Coherence Length
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Define a coherence length €y as the distance of propagation over which radiation of spectral width AA
becomes 1807 out of phase. For a wavelength A propagating through N cycles

€ con=NA
and for a wavelength A + Ak, a half cycle less (N — %)

leon=N-2) L+ A

Equating the two
N= A2AAM
so that N M
A i
booh = 5= A~ A(E/AE)

Professor Dawvid Attwood
AST 210/EECS 213
Univ. Caliiornia, Barkeley Choa_FosvGE.e



Partially Coherent Radiation Approaches
Uncertainty Principle Limits

Ax - Ap=#h/2 (8.4)  Standard deviations of Gaussian distributed functions
Ax - BAK > B/2 (Tipler. 1978. pp. 174-189)
Ax - KAB 2 1/2

2Ax - AB = A/2w

d=lﬁxg€] - ° | IHH;-
T I L]

Spherical wavefronts occur

Note: in the limiting case
Ap = hAk _ )
P ///Er’:l Ak d-6=A2m ?’ 1 quantities
Ak = kAB . Je
k (spatially coherent) J
or

(d - 20)pwrng = M2 } FWHM quantities

Profiecsor Dievid Attwood
AST 21'EECS 213

Univ. Calforniz, Berkelay Chog_XELag=-8849 modi_a:



What 1s Coherence?

Intensity varies as Ij;/g

[=21I,] 1+cos(27dsin(0)/ 1)

{,,.,//:’!

Intensity varies as

=21, [l + [fcos(27d sin(6) / /1)]

[ 1s the contrast, determined by the angular size of the source



Coherence Length and Contrast

It 1s generally convenient to assume the source has a
Gaussian intensity profile

I(x) =ﬁexp [—(I—ID)E /20‘3} j\

>

One can then define a coherence length

AR

20'\/5

This characterizes the distance over which two slits would
produce an interference pattern, or more generally the length
scale over which any sample will produce mterference etfects.

'._I-\rhr‘\.

A more rigorous theory can be found n e.g. Born and Wolf



How Practical 1s 1t to Make X-rays Coherent?

Consider a point 65 meters downstream of an APS

Undulator & = 2 — 0.20m,  AA/2 =3x10%
o, =254um,o, =12pum ‘ Ge 111 ‘
| AR
S.= =14um
v 20 Jr :
AR
S = =306um
’ 26}/\/;
A =0.66pum

~ 3% 10" Photons/Coherence Area



Scattering of Coherent X-rays

—
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For incoherent x-rays the actual scattering represents a
statistical average over many icoherent regions within the
sample and one obtains:

p(r)p.(r=r) = (pu(r) o (7)) = 2 ()

For coherent x-rays one measures the Fourier transform of
the exact density distribution, not the average. What one
observes 1s a speckle pattern superposed on the average
scattering pattern.



Speckle Si1ze and Contrast

The speckle widths are approximately the size of the
diffraction pattern from a slit the size of the sample:

AOL A/L

The contrast 1s given by the ratio of the scattering volume to
the coherence volume, Ag & /MLWsm(6)

M/
) 0 *"'?.L
g

4""'#

Exact numbers require integrals over the sample volume and electric field
spatial correlation function. For small angles, the scattering volume 1s much
smaller than the sample volume.



What to do with coherent x-rays?

* Try to mvert the speckle to get information about
the exact structure factor.

* Ignore the details of the exact structure factor, but
use the time fluctuations of the pattern to study
dynamics of the material (XPCS)



Measuring Dynamics

Detector

Incident EM Wave
Sample







*Calculate electric field intensity correlation function at
the observation point:

Gy(Q,0)=texp(1Q 1) <EF(r,1) Ep (1, tH)>, dr

*The fourth order correlations in E, can be reduced to
pairs of second order correlation functions

*Assume correlation lengths are smaller than sample size,
and the scattering can be factored into independent space

and time parts.



Final Result
G,(0.7) = (1)’ 1+ Bf (0.7)"

The contrast factor, £ 1s related to the degree of
coherence and can be between 0 and 1

f(0.,7)=S(0,7)/8(0,0)
S(@,r) = <J.ef§';p€ (0,0)pe (;, r)d?)

Intensity

Time [s] Time Delay [S]



For Brownian motion, this can be reduced to
an exponential decay proportional to the
diffusion coefficient.

S(O.7) =¢e 79

Here, the diffusion coeftticient 1s related to
the viscosity, 77 and the radius a, via the
Stoke-Einstein relation:

D = k,7 / 67crpa



